Radiative lifetimes of 17 excited levels of Nb I, in the energy range 27 400-47 700 cm
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• 3/2,5/2,7/2,9/2 ), have been measured. For 15 of these levels, the lifetimes are obtained for the first time. The lifetimes were measured using the time-resolved laser-induced fluorescence technique and the experiments are complemented by a theoretical investigation using a relativistic Hartree-Fock method including core polarization. By combining the experimental lifetimes and the calculated branching fractions, we obtain transition probabilities for the individual de-excitation channels from the investigated levels.
Key words: atomic data -atomic processes -methods: laboratory.
I N T RO D U C T I O N
Radiative parameters of atoms and ions are generally important data for plasma physics and astrophysics. Niobium is of particular interest, since it is a highly refractory metal that can be included in the inner walls of fusion devices. In addition, niobium has been observed in heavy-element stars, like the M-type long-period variable (LPV) o Ceti (Mira) and MS-type LPV, χ Cyg (Wallerstein & Dominy 1986) . In this paper, Nb I spectra have been investigated to derive the abundance of niobium in these stars.
In a recent investigation (Nilsson et al. 2010) , transition probabilities for astrophysically interesting spectral lines of Nb II and Nb III were derived by combining lifetimes measured by the time-resolved laser-induced fluorescence technique (TR-LIF), branching fractions from spectra recorded using Fourier transform spectroscopy and theoretical calculations using a relativistic Hartree-Fock method. The results obtained were used to determine the niobium abundance in the Sun and metal-poor stars rich in neutron-capture elements. This work continues the investigation of radiative properties of niobium, particularly for highly excited states in Nb I. There are only three papers in the literature reporting on radiative lifetimes of Nb I. The first investigation was performed by Duquette & Lawler (1982) . These authors used a novel source for highly refractory elements based on a hollow-cathode atomic beam combined with TR-LIF. The radiative lifetimes of a number of odd levels, with energies between 19 900 and 27 300 cm −1 , are reported in this paper. In Rudolph & Helbig (1982) , radiative lifetimes of E-mail: kblagoev@issp.bas.bg six levels (y 4 F
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• 9/2 ) in Nb I are reported. These measurements were made by TR-LIF on an atomic beam produced by a double cage made of tungsten and niobium wires. The results were compared with the arc measurements of Corliss & Bozman (1962) . Furthermore, radiative lifetimes of 11 levels in Nb I have been measured in Kwiatkowski et al. (1982) Kwiatkowski et al. (1982) were used to obtain oscillator strengths for some spectral lines of solar interest. Absolute transition probabilities of Nb I spectral lines, emitted from levels with energies in the interval 19 624-27 975 cm −1 , were determined by Duquette et al. (1986) . It should be emphasized that, in all these papers, only low-lying levels of Nb I have been investigated.
In this work, we extend the previous investigations and report on radiative lifetimes of 15 high-lying odd-parity states of Nb I in the energy range 27 415-47 680 cm −1 . In parallel with the measurements, we have performed theoretical calculations of branching fractions for the various transitions depopulating the investigated levels using a multiconfiguration Hartree-Fock method with explicit treatment of core-polarization effects.
E X P E R I M E N T
According to Moore's tables of atomic energy levels (Moore 1958 away. The latter term has been the starting point in our excitation schemes as shown in Fig. 1 and Table 1 . Moore (1958) . b All levels are pumped from the metastable 4d 3 5s 2 a 4 F term as shown in Fig. 1 . c 2ω and 3ω mean the second and third harmonic, and S means the first Stokes component of the Raman scattering.
The TR-LIF method was used to measure the radiative lifetimes of excited niobium states. The experimental set-up has previously been described in detail in Bergström et al. (1988) and also in a recent investigation of lifetimes in Nb + and Nb 2+ (Nilsson et al. 2010) , and only a short description will be given below.
Free niobium atoms were created in a laser-produced plasma by focusing a 10-Hz-frequency doubled Nd:YAG laser on to a rotating target, placed inside a vacuum chamber with a pressure of 10 −5 mbar. The atoms were then selectively excited by crossing the ablation plasma 1 cm above the target with the light emitted from a dye laser, using DCM dye, which was pumped by an Nd:YAG laser. The pump laser pulses were temporally reduced in a compressor based on stimulated Brillouin scattering in water and the final ex- citation pulses had a duration of about 1.5 ns. The wavelengths necessary to excite the different states investigated were obtained by frequency doubling and tripling in KDP and BBO crystals. To cover a broader wavelength range, a Raman shifter, based on scattering in hydrogen gas, was used to give Stokes components of 4153 cm −1 . The two Nd:YAG lasers were synchronized by a pulse generator, which provided a temporal delay between ablation and excitation pulses. The wavelengths and excitation schemes used are presented in Table 1 .
The spectral lines of interest from the LIF signal were selected by a 1/8-m grating monochromator with its entrance slit oriented parallel to the excitation laser beam. The signal was registered by a fast micro-channel-plate photomultiplier tube (Hamamatsu R3809U) and digitized by a Tektronix DPO 7254 oscilloscope. The decay curves were formed by averaging over 1000 laser excitation pulses and then transferred to a PC together with a measurement of the excitation laser pulse from a fast photodiode. The code DECFIT was then used to extract the experimental lifetimes from a least-squares fit of a single exponential decay deconvolved by the recorded laser pulse shape.
The influence of radiation trapping and/or collisional quenching was investigated by varying the delay between the ablation and excitation pulses, thus producing measurements with different concentrations of atoms in the ground electronic configuration. The typical delay used was in the interval 2-7 µs. The possible effect of saturation of the laser pulses was checked and avoided by inserting neutral density filters in the excitation laser beam. A typical decay curve for the v 4 D 1/2 level is presented in Fig. 2 .
C A L C U L AT I O N S
The pseudo-relativistic Hartree-Fock (HFR) method developed by Cowan (1981) and adapted for taking core-polarization effects into account (see e.g. Quinet et al. 1999 ) has been used in this work. 10 even and nine odd-parity electronic configurations were explicitly included in the physical model, that is, 4d 5 + 4d 4 5s + 4d 4 6s + 4d 4 5d + 4d 3 5s 2 + 4d 3 5p 2 + 4d 3 5d 2 + 4d 3 5s5d + 4d 3 5s6s + 4d 2 5s5p 2 and 4d 4 5p + 4d 4 6p + 4d 4 4f + 4d 4 5f + 4d 3 5s5p + 4d 3 5s6p + 4d 3 5p5d + 4d 2 5s 2 5p + 4d 2 5p 3 , respectively. The dipole polarizability used in the core-polarization potential was the one computed by Fraga et al. (1976) for an Nb IV ionic core, that is, α d = 5.80a 3 0 , while the cut-off radius was chosen to be equal to the HFR mean value r of the outermost core orbital (4d), that is, r c = 1.96a 0 . To reduce as much as possible the differences between the experimental and theoretical energy levels, a well-established semi-empirical fitting procedure (Cowan 1981) was applied to the radial parameters characterizing the 4d 5 , 4d 4 5s, 4d 3 5s 2 , 4d 4 5p and 4d 3 5s5p configurations. This optimization process was performed using the available experimental energy levels listed in the NIST compilation (Moore 1958 ) recently revised and extended by Kröger et al. (2004 Kröger et al. ( , 2007 . In this fitting procedure, the high odd energy levels available (above 38 000 cm −1 ) were not considered, because many of them were found to be strongly mixed with levels belonging to experimentally unknown configurations, such as 4d 4 6p, 4d 3 5s6p, 4d 2 5s 2 5p, etc., as illustrated in Fig. 3 . This strong mixing is such that, according to our calculations, about one-third of the levels in the range 38 000-45 000 cm −1 have a leading component belonging to 4d 4 6p, 4d 3 5s6p or 4d 2 5s 2 5p with average purities of 67, 38 and 25 per cent, respectively, while the average purities of 4d 4 5p and 4d 3 5s5p levels are found to be about 25 per cent in the same energy region. Consequently, an unambiguous connection between experimental and calculated level values could not be established even when using the experimental values available for the Landé factors.
R E S U LT S A N D D I S C U S S I O N
The lifetimes obtained in this work are presented in Table 2 and represent the averages of at least 10 different measurements performed under slightly different experimental conditions. The uncertainties quoted include statistical errors from the fitting procedure as well as the variation in the results between different measurements. As an overall test, we also include two levels, with lifetimes that are typical of those found in this work, that have been measured by several groups previously. As seen in Table 2 , there is good agreement between the two sets of data.
For the 4d 4 5p and 4d 3 5s5p levels, our calculated lifetimes are also reported in Table 2 . The latter values are found to be in good agreement with the measurements, if we exclude the w 4 G 11/2 level for which the calculation inexplicably gives a radiative lifetime a factor of 2 longer than the experimental value. In Table 3 , transition probabilities deduced from the combination of the experimental lifetimes and the calculated branching fractions obtained in this work are reported. Only transitions with gA-values greater than 10 7 s −1 are given in this table. These new radiative data for 41 Nb I lines covering the spectral region 306-570 nm constitute an extension of the transition probabilities previously published (Duquette et al. 1986) for 320 lines appearing in the range between 366 and 935 nm. 
AC K N OW L E D G M E N T S

